INTRODUCTION
Observations on the effects of high oxygen concentrations in the inspired air of the mother upon aspects of fetal oxygenation have been fairly numerous in man and in experimental animals, principally sheep and monkeys. In many studies, variables that are not closely related, such as the 02 pressures in maternal and fetal arteries, have been compared, but there has been no comparison of uterine and umbilical vein oxygen pressures, nor simultaneous measurements of uterine and umbilical blood flows and oxygen uptakes. Furthermore, in some experiments, air breathing and oxygen inhalation were not randomized in order to disReceived for publication 16 August 1967 and in revised formn 18 October 1967. criminate between the effect of hyperoxia and deterioration of the preparation. Perhaps because of these limitations, the data in the literature show discrepant results and interpretations. Some authors have claimed adverse effects of 02 inhalation, such as decreased umbilical blood flow (1, 2) , decreased fetal oxygen consumption (2) , and decreased surface area of the placental capillaries (3) . No increase, and even a decrease of 02 pressure in the fetal arteries after 02 inhalation have been reported (1, 3, 4) . We have only to consider the limited therapeutic measures available to the obstetrician dealing with fetal hypoxia to realize the implications of these results and to appreciate the need for further investigation.
The experiments presented in this paper have been designed to give a comprehensive description of fetal oxygenation during acute maternal oxygen inhalation. Simultaneous measurements of uterine and umbilical blood flows, the transplacental flowlimited clearance of an inert molecule, uterine and fetal oxygen consumptions, pH values, and oxygen pressures, saturations, and capacities in the main vessels supplying the placenta were done during a control period and during oxygen inhalation.
METHODS
Eight pregnant Dorset sheep of known gestation were starved for about 72 hr before surgery. They had free access to water. The sheep were given 6 mg of Pontocaine intrathecally for spinal anesthesia supplemented by intravenous Nembutal sufficient for sedation. The animals were breathing spontaneously throughout. The surgical procedure was similar to that described previously (5) with three catheters placed in a maternal peripheral artery, uterine vein, and umbilical artery, respectively and a double lumen catheter in the umbilical vein. The fetal catheters were inserted in small branches of the umbilical circulation and threaded toward the cord. There was no manipulation of the fetus and the cord at any time nor any loss of intrauterine fluids. First, the umbilical vein double lumen catheter was positioned, and an infusion of 10 g/100 ml of antipyrine was begun at a constant and known rate ( about 10 mg/ min) through the tip of the double lumen catheter. Approximately 50 min after starting the infusion, the transplacental diffusion rate of antipyrine become constant and equal to the infusion rate, except for minor corrections. Under these conditions, referred to as "the steady state," measurements of antipyrine concentration in the four placental vessels were used to calculate uterine and umbilical blood flows by the Fick principle, i.e., as ratios of the transplacental diffusion rate over the arteriovenous differences in the two circulations. In addition, the data were used to calculate the transplacental clearance of antipyrine which is defined as the ratio of the transplacental diffusion rate to the difference between the concentrations of antipyrine in umbilical arterial blood and maternal arterial blood. The exact details of these calculations have been published elsewhere (5, 6) .
Each experiment was divided into two periods. In the first period, the ewe was given either room air or 100% 02 to breathe, and in the second period, the other gas. The sequence of 02 and air inhalation was reversed in successive experiments in order to randomize the effect that a deterioration of the preparation might have on the results. The animal was breathing through a tracheal cannula joined to a set of respiratory valves. During O2 inhalation, the inspiratory valve was connected to a rubber bag filled with 100% 02. Five sets of blood samples were drawn simultaneously at about 5-min intervals from the maternal artery, uterine vein, and umbilical artery, and vein. The samples in the first and fifth set were 0.2 ml each; they were used for antipyrine analysis only. The samples in the second, third, and fourth sets were 1.2 ml each and were used for measurements of antipyrine, pH, oxygen content and capacity, per cent of 02 saturation, and Po2.
In the second period a minimum of 15 min was allowed to elapse between the time the ewe began inhaling a different gas mixture and the first sampling. Then five sets of samples were taken according to the protocol given above for the same measurements as the first period. The Po2 and pH measurements were done at 380C. The gas chromatograph was standardized by injection of known amounts of oxygen in the reaction chamber and with bicarbonate solutions. Hemoglobin was determined calorimetrically as cyanmethemoglobin. The colorimeter was standardized in each experiment with blood samples of known 02 combining capacities as determined by chromatographic analysis. Pressures were estimated from the CO2 content of whole blood, pH, and hemoglobin concentration by means of the Van Slyke-Sendroy nomograms (7).
Arteriovenous differences of oxygen were estimated independently by two methods: (a) by direct chromatographic analysis of oxygen; and (b) as the sum of the arteriovenous difference in saturation times 02 capacity plus the arteriovenous difference of Po2 times the solubility coefficient.
Each arteriovenous difference was multiplied by the appropriate flow to give a total of six estimates of uterine and fetal oxygen consumptions in each of the two periods of observation.
RESULTS
The mean oxygen tensions and saturations in each of the four placental vessels in the control period and during 02 inhalation are presented in Table I . In two of the eight animals it was found at autopsy that the uterine vein catheter had been placed by mistake in a small branch of the uterine vein. These uterine vein data have been omitted from Table I . In every experiment, the Po2 and 02 saturations were higher in the uterine vein, umbilical vein, and umbilical artery when the mother was breathing 100% oxygen. The Po2 in the umbilical vein rose markedly but never exceeded the uterine vein Po2. In four of the eight fetuses, the umbilical vein oxygen saturation was 95% or greater during maternal 02 inhalation. The increased 02 pressure did not produce significant changes in 02 capacity in fetal and maternal blood. were + 4.6 ± 8.4 for the umbilical flow, + 2.8 + 8.7 for the uterine flow, and + 4.6 ± 6.2 for the clearance. None of these means is significantly different from zero. It is clear, therefore, that oxygen inhalation had no demonstrable effect either on uterine and umbilical blood flows or on placental clearance of antipyrine.
Maternal Hyperoxia and Fetal Oxygenation
Table IV presents the fetal and total uterine oxygen consumptions (mean + SEM in ml of STP/ min) as well as the umbilical oxygen uptakes per kg of fetus. In six of the eight fetuses, the administration of oxygen to the mother neither increased nor decreased fetal oxygen uptake significantly. In two of the fetuses (Nos. 2 and 73) there was a statistically significant increase in umbilical oxygen uptake when the mother was breathing oxygen. In animal 2, the uterine oxygen consumption also showed an increase during 02 inhalation. The mean percentage change of fetal consumption during the 02 inhalation was + 9.6 ± 6.2 SEM in ml of STP/min. This change is of borderline Each number represents the average over a 15 min period in which samples for oxygen analysis were taken. In columns IV, VI, and VII are reported the per cent changes of flow and clearance from air breathing to oxygen breathing. significance (0.1 < P < 0.2). It should be pointed out that the significance of a change of oxygen uptake in a single experiment must be interpreted with caution. It could be due to some undetected non-random error in the flow measurements. On the other hand, the mean change of oxygen uptake by the eight fetuses is free from that type of systematic error.
In animals 136 and 33, of the same gestational age, there was a range of uterine flows from 227 to 1130 ml/min. Despite this fivefold difference in uterine flows and large differences of saturation and Po2 in the maternal and fetal vessels, the fetuses had similar rates of oxygen consumption. DISCUSSION The data presented in this report show no significant effect of acute changes of 02 pressure in the arterial blood from 50 to 300 mm Hg upon uterine and umbilical blood flows and the transplacental clearance of antipyrine. It has been shown (6) that the transplacental clearance of antipyrine is flow limited, i.e., it is a function of the maternal and fetal blood flow rates through the placenta, the relative direction of flows, and the degree of uneven perfusion. Thus, our data indicate no gross effect of acute 02 inhalation at the microcirculatory level, such as the opening of shunts and changes in the perfusion pattern.
Maternal 02 inhalation did not change the fetal 02 consumption significantly in six out of eight cases. In two instances there were about 25% increases of fetal 02 consumptions that appear to be, significant. Taken as a whole, the data show a large degree of independence between fetal 02 consumption and 02 pressure and saturation in the umbilical vessels. These observations are at variance with the results of Acheson, Dawes, and Mott (8) on fetal lambs with low umbilical blood flows. According to these authors, fetal oxygen consumption decreased significantly when umbilical artery saturation fell below 50%. In this respect the present observations are in agreement with subsequent experiments by Dawes and Mott (9) in which relatively high rates of 02 consumption were found with low umbilical artery saturations in lambs with umbilical blood flows higher than 100 ml/min. It appears, therefore, that placental flows and 02 pressures may vary widely above certain critical levels without reaching a point at which placental 02 transfer limits fetal 02 consumption.
Oxygen inhalation markedly increased the 02 saturations and pressures in the uterine vein and in the umbilical vein and artery. The rise of 02 pressure in the uterine vein was due primarily to the fact that uterine blood flow, maternal blood 02 capacity, and uterine 02 consumption did not change significantly in hyperoxia. The shift of pH that occurred during O2 inhalation (-0.05 units) accounts for only a 5%o increase of uterine venous Po2 (in adult sheep blood A log Po2/, pH = 0.4 at constant saturation) (10) .
The rise of umbilical venous Po2 with acute 02 inhalation was physiologically significant; the 02 tension became 1.5 to 3 times the control value. Yet the rise was small in comparison with the maternal artery. This phenomenon is explained by the recent demonstration that the sheep placenta simulates a concurrent system of exchange (5, 6) .
As a consequence, the umbilical venous Po2 cannot be higher than the Po2 in the maternal placental veins, and it will be very much lower than maternal arterial Po2 when the uterine arterial venous difference of Po2 is very large, as in the case of 02 inhalation. A demonstration that the Po2 in the umbilical vein is directly proportional to the uterine vein Po2 is given in Fig. 2 . In this figure the present data as well as data from a series of observations on unanesthetized sheep exposed to 5000 and 14,000 ft altitude are given (11) . Previous attempts at a rational description of the respiratory function of the placenta were FIGuRE 2 Oxygen tensions in the uterine and umbilical venous blood of pregnant sheep including observations at various altitudes (10) and with maternal hyperoxia.
based on the concept that the rate of transplacental oxygen diffusion is proportional to the mean oxygen pressure difference across the placenta. Experimentally it becomes increasingly difficult to measure the mean oxygen pressure difference across the placenta as one moves away from permeability-limited diffusion to flow-limited diffusion. Thus, in hyperoxia, considerations of flows and flow patterns are more important. According to recent evidence (12) There are several reasons not mutually exclusive why umbilical vein saturation should be lower than 100%: (a) equilibration within the cotyledonary capillary bed with a Po2 lower than that measured in the uterine vein; (b) an inadequate exposure time in the placental capillaries for equilibration; (c) uneven perfusion ratios of the placental cotyledons; and (d) an admixture in the umbilical vein of blood that comes from the respiratory portion of the placenta with blood coming from the other areas, i.e., "shunting." The relative importance of these factors under different physiologic conditions cannot be assessed at present. Our data provide some interesting clues. In the six fetuses in which umbilical vein saturation rose above 90% with 02 inhalation, we may assume, for the purpose of discussion, that umbilical vein blood was a mixture of 100% saturated blood with the same 02 pressure as the uterine vein and blood that did not exchange oxygen within the placenta. In that case the amount of umbilical blood shunted away from the sites of respiratory exchange was 15.3 ± 2 SEM of the umbilical blood flow. In studying CO diffusion across the sheep placenta, perfused artificially on the fetal side, Metcalfe, Moll, Bartels, Hilpert, and Parer (13) estimated that 19% + 1 SEM of the umbilical flow is shunted. The difference between the two estimates is not significant. It is clear that shunting of this magnitude could not account completely for the unsaturation of umbilical venous blood when the mother was breathing air. Thus, -mechanisms other than shunting must account for some of the unsaturation of umbilical venous blood under ordinary circumstances.
The increased 02 saturation and pressure in the umbilical artery during 02 inhalation was a direct consequence of increased 02 saturation in the umbilical vein and near constancy of umbilical flow and 02 uptake. The shift of pH that occurred with 02 inhalation (-0.02 units) contributed a negligible 2% of the 02 pressure rise in the umbilical artery.
These observations are of practical interest because the use of high oxygen concentrations in the inspired air to relieve fetal hypoxia is a common clinical practice. Nyberg and Westin (14) have suggested, on the basis of their placental perfusion experiments, that high oxygen tensions might lead to vasoconstriction of the placental vessels. Given the fact that the placenta simulates a concurrent system, it is difficult to see how normobaric oxygen inhalation could ever produce in the fetus oxygen pressures as high as those used in perfusion experiments. James (15) could demonstrate no increase in umbilical cord oxygen saturations in pregnant patients given oxygen concentrations before delivery. Towel (4) reported data on two pregnant rhesus monkeys in which the oxygen pressure in the descending aorta of the fetus did not increase with oxygen inhalation. Rivard, Motoyama, Acheson, Cook, and Reynolds (1) also observed in some fetal sheep that maternal oxygen inhalation produced no increase in carotid arterial Po2. These observations suggest circulatory and metabolic changes concomitant with oxygen inhalation. However, it is doubtful, in view of the data presented in this paper, that these changes were causally related to the high oxygen pressure in the maternal blood.
Recently, Kirschbaum and associates (2) claimed to have observed a decreased rate of umbilical oxygen uptake during maternal oxygen inhalation. They ascribe this paradox to some yet undiscovered ability of the placenta to limit net oxygen transfer during hyperoxia. We have been unable to confirm the existence of such a paradox.
In addition, it is not clear to us how the placenta could simultaneously increase the oxygen content of the umbilical vein blood, produce no physiologically significant change in umbilical blood flow, and yet reduce the rate of oxygen transfer to the fetus.
It should be emphasized that there was no indication in our data that acute oxygen inhalation had any adverse effect on the placenta or on the fetus. The effect of maternal oxygen inhalation on the fetus can be described as equivalent to that of increasing uterine blood flow. This point is brought out clearly by a comparison of animals 136 and 33.
